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Through protein interactions mediated by their cytoplasmic C termini the GluN2A and GluN2B subunits of NMDA recep-
tors (NMDARs) have a key role in the formation of NMDAR signaling complexes at excitatory synapses. Although these
signaling complexes are thought to have a crucial role in NMDAR-dependent forms of synaptic plasticity such as long-term
potentiation (LTP), the role of the C terminus of GluN2A in coupling NMDARs to LTP enhancing and/or suppressing sig-
naling pathways is unclear. To address this issue we examined the induction of LTP in the hippocampal CA1 region in mice
lacking the C terminus of endogenous GluN2A subunits (GluN2ADC/DC). Our results show that truncation of GluN2A
subunits produces robust, but highly frequency-dependent, deficits in LTP and a reduction in basal levels of extracellular
signal regulated kinase 2 (ERK2) activation and phosphorylation of AMPA receptor GluA1 subunits at a protein kinase A
site (serine 845). Consistent with the notion that these signaling deficits contribute to the deficits in LTP in GluN2ADC/DC
mice, activating ERK2 and increasing GluA1 S845 phosphorylation through activation of b-adrenergic receptors rescued
the induction of LTP in these mutants. Together, our results indicate that the capacity of excitatory synapses to
undergo plasticity in response to different patterns of activity is dependent on the coupling of specific signaling pathways
to the intracellular domains of the NMDARs and that abnormal plasticity resulting from mutations in NMDARs can be
reduced by activation of key neuromodulatory transmitter receptors that engage converging signaling pathways.
N-methyl-D-aspartate receptors (NMDARs) are heteromeric ligand-
gated ion channels comprised of an obligatory GluN1 subunit
along with different combinations of GluN2 or GluN3 subunits
(Cull-Candy and Leszkiewicz 2004). In the adult brain, most
NMDARs exist as heteromeric combinations of two GluN1 sub-
units along with different members of the GluN2 family of sub-
units (GluN2A, -2B, -2C and -2D). Importantly, the presence of
different types of GluN2 subunits determines a number of func-
tional characteristics of NMDARs, including agonist affinity,
channel kinetics, and membrane localization (for review, see
Cull-Candy et al. 2001, Cull-Candy and Leszkiewicz 2004). The
cytoplasmic C-terminal tails of the different GluN2 subunits
also have a crucial role in coupling NMDARs to various adaptor/
scaffolding proteins, such as the membrane associated guanylate
kinases or MAGUKs (Kornau et al. 1995; Kim and Sheng 2004).
The MAGUKs, which include proteins such as PSD-95, PSD-93,
and SAP102, in turn couple NMDARs to a host of postsynaptic sig-
naling pathways, including the Ras GTPase-activating protein
SynGAP (Chen et al. 1998; Kim et al. 1998), the A kinase anchor-
ing protein AKAP79/150 (Colledge et al. 2000), and neuronal
nitric oxide synthase (nNOS) (Brenman et al. 1996). Moreover,
the C termini of GluN2A and GluN2B also directly bind key com-
ponents of additional signaling pathways, such as a-calcium/
calmodulin-activated protein kinase II (CamKII) (Leonard et al.
1999; Bayer et al. 2001) and phospholipase Cd (Gurd and
Bissoon 1997). Thus, GluN2 subunits not only regulate the bio-
physical properties of NMDARs but also have an essential role in
the formation of NMDAR signaling complexes that organize sig-
naling downstream from NMDAR activation. Indeed, disruption
of these complexes is associated with pronounced alterations in
NMDAR-dependent forms of synaptic plasticity such as long-term
potentiation (LTP) and long-term depression (LTD) (Migaud et al.
1998; Sprengel et al. 1998; Barria and Malinow 2005; Cuthbert
et al. 2007; Zhou et al. 2007; Carlisle et al. 2008; Xu et al. 2008;
Foster et al. 2010).
Although proteomic approaches have revealed much about
the molecular composition of NMDAR signaling complexes
(Husi et al. 2000; Collins et al. 2006), the role of these complexes
in regulating LTP and LTD induction are still poorly understood.
For example, previous studies using genetically modified mice
where the endogenous GluN2A subunits lack the cytoplasmic C
terminus (GluN2ADC) have found that thesemutants exhibit def-
icits in both LTP (Sprengel et al. 1998; Ko¨hr et al. 2003) and some
forms of hippocampus-dependent learning (Sprengel et al. 1998;
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Bannerman et al. 2008). This suggests that the C terminus of
GluN2A subunits has an important role in recruiting signaling
molecules that facilitate LTP induction to NMDAR signaling com-
plexes. In contrast to these studies where the endogenousGluN2A
subunit gene was modified, other studies have overexpressed
cDNAs encoding truncated GluN2A. For example, in hippocam-
pal slice cultures overexpression of truncated GluN2A subunits
can restore LTP in cells where LTP induction is disrupted by knock-
down of GluN2B subunits while overexpression of full-length,
wild-type GluN2A subunits cannot (Foster et al. 2010). While
these data support the conclusion that the C terminus of
GluN2A is involved in signaling, it remains unclear if both LTP
inhibiting or enhancing pathways act via the C terminus and to
what extent these pathways might be recruited by different pat-
terns of synaptic activity.
Here we have reexamined the role of the C terminus of
NMDAR GluN2A subunits in LTP using a variety of different LTP
induction protocols and biochemical approaches to examine
NMDAR signaling in hippocampal slices from wild-type and
homozygousmutantmice expressing truncated GluN2A subunits
lacking the cytoplasmic C terminus (GluN2ADC/DC) (Sprengel
et al. 1998). We find that while high-frequency stimulation
(HFS) induced LTP is normal, the induction of LTP by theta-
frequency patterns of synaptic stimulation is strongly disrupted
in GluN2ADC/DC mice. This suggests that the C terminus of
GluN2A subunits couples NMDARs to downstream signaling
pathways that normally facilitate the induction of LTP by low fre-
quency patterns of synaptic activity. Western blot analysis of hip-
pocampal homogenates revealed that basal levels of extracellular
signal regulated kinase 2 (ERK2) activation and phosphorylation
of AMPA receptor (AMPAR) GluA1 subunits at serine 845 (S845)
are reduced in GluN2ADC/DC mice. Consistent with the notion
that these signaling deficits contribute to the disruption of LTP
in these mutants, enhancing ERK activation and increasing
GluA1 phosphorylation at S845 by b-adrenergic receptor activa-
tion reduced, and for some stimulation protocols completely
rescued, the theta frequency stimulation-induced LTP deficits in
GluN2ADC/DC mice.
Results
Basal synaptic transmission is normal in GluN2ADC/DC
mutant mice
To examine whether truncation of GluN2A subunits alters basal
synaptic transmission, we recorded AMPAR-mediated spontane-
ous miniature excitatory postsynaptic currents (mEPSCs) in CA1
pyramidal cells from wild-type and GluN2ADC/DC mice. Con-
sistent with previous findings suggesting that AMPAR-mediated
synaptic transmission is not altered in GluN2A mutant mice
(Sprengel et al. 1998; Steigerwald et al. 2000), both the amplitude
and frequency of mEPSCs were normal in GluN2ADC/DC mice
(Fig. 1A–C). Evoked EPSCs recorded at postsynaptic membrane
potentials of 280 mV and +40 mV were also similar in wild-type
and GluN2ADC/DC mice (Fig. 1D) and the ratio of NMDAR to
AMPAR-mediated currents measured at both membrane poten-
tials in GluN2ADC/DC mice was not significantly different from
that seen in wild-type cells (Fig. 1E). Although this suggests that
that the absence of the C terminus of GluN2A subunits does not
impair the synaptic localization of NMDARs, the decay of the
EPSCs recorded at +40 mV tended to be slower inGluN2Amutant
cells compared towild type (Fig. 1F).While this difference did not
reach statistical significance (P ¼ 0.08), it is consistent with pre-
vious findings indicating that GluN2ADC-containing NMDARs
may be less tightly localized with respect to presynaptic release
sites (Steigerwald et al. 2000).
GluN2ADC/DC exhibit theta frequency-specific
deficits in LTP
To examine whether truncation of the C terminus GluN2A
subunits alters the induction of LTP by different patterns of
Figure 1. Basal synaptic transmission is normal in GluN2ADC/DC mice. (A) Traces show example mEPSCs recorded in CA1 pyramidal cells from wild-type
(GluN2A+/+) and GluN2ADC/DC mice. (B,C) Both mEPSC amplitude and frequency are normal in cells from GluN2ADC/DC mice. Results are from 13 cells
from three wild-type mice and 11 cells from three GluN2ADC/DC mice. (D) Traces show examples of evoked EPSCs recorded at holding potentials of
280 mV and +40 mV in wild-type (left) and GluN2ADC/DC cells (right). (E) NMDAR to AMPAR ratios at both 280 mV and +40 mV are similar in cells
from wild-type (n ¼ 14 cells from three mice) and GluN2ADC/DC mice (n ¼ 12 cells from three mice). (F) Weighted decay time constants (tW) of
EPSCs recorded at +40 mV were 84+2 msec in wild-type cells and 101+7 msec in GluN2ADC/DC cells (P ¼ 0.08 compared to wild type).
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presynaptic fiber stimulation we first examined the effects of mul-
tiple trains of HFS (100 Hz) on synaptic strength in GluN2ADC/DC
and wild-type mice. As shown in Figure 2A, the induction of LTP
by six trains of 100 Hz in slices from GluN2ADC/DC was similar to
that seen in wild-type slices (fEPSPs potentiated to 190+18% of
baseline in wild-type slices and to 183+13% of baseline in slices
from GluN2ADC/DC mutants, P ¼ 0.75 compared to wild type). A
weaker HFS protocol (two trains of 100 Hz stimulation) also
induced robust LTP in slices from GluN2ADC/DC that was not sig-
nificantly different from that seen in slices from wild-type mice
(fEPSPs potentiated to 177+13% of baseline in wild-type slices
and to 172+15% of baseline in slices from GluN2ADC/DC, P ¼
0.82 compared to wild type; Fig. 2B). Together, these findings
are consistent with previous reports showing that the induction
of LTP by multiple trains of high-frequency stimulation is normal
in GluN2ADC/DC mutants (Ko¨hr et al. 2003).
Although our results indicate that HFS-induced LTP is nor-
mal in GluN2ADC/DC mice, significant LTP deficits were observed
in experiments where we examined the induction of LTP by lower
frequency patterns of presynaptic fiber stimulation. As shown in
Figure 3A, a long train (900 pulses) of 20 Hz stimulation induced
wild-type levels of LTP in slices fromGluN2ADC/DC mice (Fig. 2C).
However, the samenumber of presynaptic fiber stimulation pulses
delivered at 10 Hz, a frequency that falls within the upper range of
the hippocampal theta rhythm (Buzsa´ki 2002), induced signifi-
cantly less LTP in slices from GluN2ADC/DC mice (fEPSPs potenti-
ated to 157+11% of baseline in wild-type slices and to 122+
5% of baseline in slices from GluN2ADC/DC mice, P, 0.01 com-
pared to wild type) (Fig. 2D). Similarly, 900 pulses of presynaptic
fiber stimulation at the lower range of the theta rhythm (5 Hz)
induced a small (126+10% of baseline), yet significant potentia-
tion of synaptic transmission in slices from wild-type mice (P,
0.05 compared to baseline) but had no lasting effect on synaptic
strength in slices from GluN2ADC/DC mutant mice (fEPSPs were
94+7% of baseline, P, 0.05 compared to wild type; Fig. 2E).
Thus, as summarized in Figure 2F, truncation of the C terminus
Figure 2. GluN2ADC/DC mutants exhibit frequency-dependent deficits in LTP. (A) LTP induced by six trains of 100 Hz stimulation (starting at time ¼ 0,
intertrain interval ¼ 5 min) in slices from GluN2ADC/DC mice (n ¼ 8 slices from five mice) is not significantly different from that seen in wild-type slices
(n ¼ 4 slices from four mice, P ¼ 0.75). (B) Two trains of 100 Hz stimulation (delivered at time ¼ 0, intertrain interval ¼ 10 sec) induces similar levels
of LTP in slices from wild-type (n ¼ 6 slices from four mice) and GluN2ADC/DC mice (n ¼ 5 slices from five mice). (C) The induction of LTP by a train
of 20 Hz stimulation (900 pulses, delivered at time ¼ 0) in slices from GluN2ADC/DC (n ¼ 9 slices from seven mice) is not significantly different from
that seen in wild-type slices (n ¼ 4 slices from four mice, P ¼ 0.63). (D) Ten Hz stimulation (900 pulses delivered at time ¼ 0) induces significantly less
LTP in GluN2ADC/DC mutants (n ¼ 14 slices from seven mice) than in wild-type slices (n ¼ 9 slices from five mice, P, 0.01). (E) Five Hz stimulation
(900 pulses delivered at time ¼ 0) induced a small amount of potentiation in slices from wild-type mice (n ¼ 8 slices from six mice, P, 0.05 compared
to baseline) but had no lasting effect on synaptic strength in slices from GluN2ADC/DC mutants (n ¼ 6 slices from six mice, P, 0.05 compared to wild
type). (F) Summary of the effects of different frequencies of presynaptic fiber stimulation on the induction of LTP in wild-type and GluN2ADC/DC mice
(∗∗P, 0.01; ∗P, 0.05). Results for 100 Hz stimulation are from experiments shown in B.
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of GluN2A subunits strongly disrupts the induction of LTP by
trains of synaptic stimulation delivered at the theta frequency
(5–10 Hz) but has no effect on the induction of LTP by higher
frequencies of synaptic stimulation (20 and 100 Hz).
Basal levels of ERK2 and GluA1 S845 phosphorylation
are altered in GluN2ADC/DC mutant mice
Unlike HFS-induced LTP, the induction of LTP by theta-frequency
stimulation protocols is dependent on ERK activation (Winder
et al. 1999; Watabe et al. 2000; Opazo et al. 2003) and strongly
inhibited by protein phosphatase activity (Thomas et al. 1996;
Brown et al. 2000). We thus examined ERK activation and phos-
phorylation of AMPAR GluA1 subunits at sites dephosphorylated
by protein phosphatases activated downstream from NMDARs to
determine whether truncation of GluN2A subunits might lead to
deficits in theta-frequency stimulation-induced LTP through
alterations in these signaling pathways. As shown in Figure 3A,
immunoblotting of homogenates prepared from wild-type and
GluN2ADC/DC slices revealed a modest, but significant, reduction
in basal levels of the phosphorylated, active form of ERK2 in slices
from GluN2ADC/DC mice (levels were reduced to 65+9% of wild-
type levels, P, 0.05) with no difference in total ERK2 levels.
However, the relative increase in ERK2 phosphorylation induced
by bath application of NMDA (20 mM for 3 min) was similar in sli-
ces from wild-type and GluN2ADC/DC mice (phospho-ERK2 levels
were increased to 400+38% of untreated controls in slices from
wild type mice, n ¼ 5 compared to 457+21% of untreated con-
trols in slices from GluN2ADC/DC mice, n ¼ 7, P ¼ 0.19; Fig. 3B).
Thus, the C terminus of GluN2A is required for both the theta-
frequency stimulation-induced LTP and the basal level of ERK2
phosphorylation, but not for the activation of ERK2 phos-
phorylation.
Signaling pathways downstream from the NMDA receptor
also lead to changes in phosphorylation of AMPAR (Lee 2006).
In particular, three phosphorylation sites on the AMPAR GluA1
(threonine 840, T840; serine 831, S831; serine 845, S845) are
known to be regulated by various protein kinases and protein
phosphatases downstream from NMDAR activation (Kameyama
et al. 1998; Lee et al. 1998; Vanhoose and Winder 2003; Delgado
et al. 2007; Coba et al. 2009). We therefore asked if the GluN2A
C terminus was required for the regulation of any of these sites.
Basal levels of GluA1 phosphorylation at T840 were not
altered in slices from GluN2ADC/DC (levels were 91+6% of wild-
type levels, P ¼ 0.38) while basal levels of GluA1 phosphorylation
at S845 were lower in slices from GluN2ADC/DC compared to wild-
type slices (levels were 80+5% of wild-type levels, P ¼ 0.05)
(Fig. 4A,B). However, dephosphorylation of AMPAR GluA1 subu-
nits at S845 and T840 induced by transientNMDA receptor activa-
tion (bath application of 20 mMNMDA for 3 min) was not altered
in slices from GluN2ADC/DC mice (Fig. 5A,B). Although NMDAR
activation triggers dephosphorylation of AMPAR GluA1 subunits
at T840 and S845, phosphorylation of another site inGluA1, S831,
is increased (Vanhoose and Winder 2003; Delgado et al. 2007).
Thus, as an additional test for potential changes in protein kinase
and/or protein phosphatase signaling in GluN2ADC/DC mice we
also compared phospho-S831 GluA1 levels in untreated and
NMDA-treated slices from wild-type and GluN2ADC/DC mice. As
shown in Figures 4C and 5C, both basal levels of GluA1 phosphor-
ylation at S831 and the increase in S831 phosphorylation induced
by NMDAR activation were normal in slices from GluN2ADC/DC
mice. Together, these findings suggest that truncation of the C
terminus of GluN2A subunits does not produce significant deficits
in the ability of bath applied NMDA to activate the ERK pathway,
protein kinases that regulate S831 phosphorylation (such as PKC
and CaMKII), or protein phosphatases that dephosphorylate
T840 and S845. It is, however, associated with modest, but
Figure 3. Basal levels of ERK2 phosphorylation are significantly reduced
in GluN2ADC/DC mice. (A) Levels of phospho-ERK2 in untreated hippo-
campal slices from wild-type (open bars, n ¼ 5) and GluN2ADC/DC mice
(filled bars, n ¼ 7). Total ERK1/2 levels in GluN2ADC/DC mice were not
different from wild type (P ¼ 0.91). (B) A 3 min bath application of
20 mM NMDA (N) induced similar increases in ERK2 phosphorylation in
slices from wild-type (open bars, n ¼ 5) and GluN2ADC/DC mice (filled
bars, n ¼ 7). ∗P, 0.01 compared to untreated (UT) control slices.
Figure 4. Basal levels of GluA1 phosphorylation at S845 are reduced in
hippocampal slices from GluN2ADC/DC mice. Basal levels of GluA1 phos-
phorylation at T840 (A), S845 (B), and S831 (C) in hippocampal slices
from wild-type (open bars, n ¼ 5 in A and B, n ¼ 3 in C) and
GluN2ADC/DC mice (filled bars, n ¼ 7 in A and B, n ¼ 3 in C). Total
GluA1 levels (D) in GluN2ADC/DC slices (n ¼ 7) are not different from
wild type (n ¼ 5).
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significant, decreases in basal levels of both ERK2 activation and
GluA1 S845 phosphorylation.
b-adrenergic receptor activation rescues the induction
of LTP in GluN2ADC/DC mice
The above data shows that the GluN2A C terminus is required for
the basal level of phosphorylation of synaptic proteins while leav-
ing intact those kinase and phosphatase pathways that are
induced by transient NMDA receptor activation. This led us to
ask: Could reduced basal levels of ERK2 and GluA1 S845 phos-
phorylation contribute to the deficits in theta-frequency
stimulation-induced LTP seen in GluN2ADC/DC mice? To examine
this we took advantage of the fact that activation of b-adrenergic
receptors in the hippocampal CA1 region activates both the ERK
pathway (Roberson et al. 1999; Winder et al. 1999; Opazo et al.
2003) and increases GluA1 phosphorylation at S845 (Opazo
et al. 2003; Vanhoose and Winder 2003; Delgado et al. 2007;
Joiner et al. 2010) and tested whether activation of b-adrenergic
receptors could rescue theta-frequency stimulation-induced LTP
in GluN2ADC/DC mice. As shown in Figure 6, a 10 min bath appli-
cation of the b-adrenergic receptor agonist isoproterenol (ISO,
1 mM) induced an approximately twofold increase in ERK2 phos-
phorylation and a more than threefold increase in GluA1 S845
phosphorylation in slices from both wild-type and GluN2ADC/DC
mice. Thus,wenext examinedwhetherb-adrenergic receptor acti-
vation can rescue theta-frequency stimulation-induced LTP in
GluN2ADC/DC mutant mice. Although long trains of 5 Hz stimula-
tion induce relatively little LTP in slices from wild-type mice
(Fig. 2E), shorter trains of 5 Hz stimulation (150 pulses) can induce
robust LTP (Thomas et al. 1996, 1998; Carlisle et al. 2008) that is
relatively insensitive to the effects of b-adrenergic receptor activa-
tion (Thomas et al. 1996). Consistent with this, short trains of
5 Hz stimulation induced robust LTP in slices from wild-type
mice (fEPSPs were potentiated to 180+23% of baseline; Fig. 7A)
that was not significantly enhanced by bath application of ISO
prior to 5 Hz stimulation (fEPSPs were potentiated to 204+16%
of baseline; Fig. 6B). A very different pattern of results was
observed, however, in slices from GluN2ADC/DC mice. First, the
Figure 5. Changes in GluA1 phosphorylation induced by a 3 min bath
application of 20 mM NMDA. The decrease in GluA1 phosphorylation at
S845 (A) and T840 (B) and the increase in GluA1 phosphorylation at
S831 (C) induced by NMDA in slices from GluN2ADC/DC mice (filled
bars, n ¼ 7 for A and B, n ¼ 5 for C) was not significantly different from
that seen in wild-type slices (open bars, n ¼ 5 for A, B, and C). P, 0.01
compared to untreated (UT) control slices. NMDA had no effect on
total GluA1 levels in slices from either wild-type or GluN2ADC/DC mice.
Figure 6. b-adrenergic receptor stimulation-induced increases in ERK2
phosphorylation (A) and GluA1 S845 phosphorylation (B) are not altered
in GluN2ADC/DC mutants. Results are from four wild-type and four
GluN2ADC/DC mice. Activation of b-adrenergic receptors (1 mM ISO for
10 min) had no effect on either total ERK2 levels or total GluA1 levels.
∗P, 0.01 compared to untreated (UT) control slices.
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induction of LTP by 150 pulses of 5 Hz stimulation alone was sig-
nificantly reduced compared to that seen in slices from wild-type
mice (fEPSPs were 115+5% of baseline, P, 0.05 compared to
wild-type controls; Fig. 7A). Second, activation of b-adrenergic
receptors strongly enhanced the induction of LTP by 150 pulses
of 5 Hz stimulation in GluN2ADC/DC mutants (fEPSPs were po-
tentiated to 167+7% of baseline, P, 0.001 compared to
GluN2ADC/DC control, P, 0.05 compared to wild-type 5 Hz +
ISO; Fig. 7B). Together, these results indicate that b-adrenergic
receptor activation can, at least partially, rescue the induction of
theta-frequency stimulation-induced LTP in GluN2ADC/DC
mutants. Indeed, although the induction of LTP by long trains
of 5 Hz stimulation is significantly compromised in slices from
GluN2ADC/DC mice (Fig. 2E), b-adrenergic receptor activation
completely rescued the induction of LTP by this pattern of synap-
tic stimulation in GluN2ADC/DC mice (Fig. 7C).
Discussion
Theta-frequency stimulation-induced LTP is specifically
disrupted by loss of the C terminus of NMDAR
GluN2A subunits
Consistent with previous findings (Sprengel et al. 1998; Ko¨hr et al.
2003), our results indicate that the C-terminal domain of GluN2A
subunits has a crucial, facilitatory role in the induction of LTP in
the hippocampal CA1 region. Our results indicate, however, that
the LTP deficits observed in GluN2ADC/DCmutants are remarkably
frequency dependent and are only observed following the induc-
tion of LTP by frequencies of presynaptic fiber stimulation that fall
with the theta rhythm, a 5–12 Hz oscillation of neural activity
that occurs within the hippocampus during certain behaviors
(Buzsa´ki 2002). Like high-frequency stimulation-induced LTP,
the induction of LTP by theta frequency patterns of synaptic stim-
ulation is NMDAR-dependent (Thomas et al. 1996, 1998; Winder
et al. 1999; Watabe and O’Dell 2003). Thus, a reduction in
NMDAR activity that increases the threshold for LTP induction
could provide a simple explanation for the theta-frequency LTP
deficits inGluN2ADC/DCmice.We found, however, that both basal
AMPAR-mediated synaptic transmission and the NMDAR-medi-
ated component of evoked EPSCs were normal in slices from
GluN2ADC/DC mice (Fig. 1). This suggests that the LTP deficits
observed in GluN2ADC/DC mutants are not due to alterations in
NMDARcurrents but instead reflect alterations in signaling down-
stream from NMDAR activation (also see Ko¨hr et al. 2003).
C-terminal truncation of NMDAR GluN2A subunits
leads to alterations in both ERK and AMPA receptor
GluA1 subunit phosphorylation
The induction of LTP by theta-frequency stimulation protocols
exhibits a number of unique properties that may provide impor-
tant clues regarding how disruption of signaling pathways
dependent on interactions with the C terminus of GluN2A subu-
nits compromises the induction of LTP. For example, unlike high-
frequency stimulation-induced LTP, the induction of theta-
frequency stimulation-induced LTP is highly dependent on ERK
signaling (Winder et al. 1999; Watabe et al. 2000; Opazo et al.
2003). Thus we investigated whether alterations in NMDAR-
dependent activation of the ERK pathway might contribute to
the theta-frequency stimulation-induced LTP deficits in
GluN2ADC/DC mice. Although activation of the ERK pathway
induced by bath application of NMDA was not altered, we did
find amodest, but significant, decrease in basal levels of ERK phos-
phorylation in GluN2ADC/DCmice. Some studies suggest that acti-
vation of GluN2A subunit-containing NMDARs is specifically
involved in NMDAR-dependent activation of the ERK pathway
through activation of the Ras guanine nucleotide exchange factor
Ras-GRF2 (Li et al. 2006; Jin and Feig 2010). Although this suggests
that deficits in ERK signaling inGluN2ADC/DCmutantsmay be due
to alterations in the ability of NMDARs to couple to activators of
the ERK pathway, the role of the C terminus of GluN2A subunits
in coupling GluN2A-containing NMDARs to Ras-GRF2 is not
known. Moreover, other studies have found that activation of
either GluN2A or GluN2B-containing NMDARs can produce ac-
tivation of the ERK pathway in mature neurons (Kim et al.
2005). Importantly, GluN2B-containing receptors, but not
GluN2A-containing NMDARs, are coupled to SynGAP (Kim
et al. 2005), a synaptic Ras GTPase-activating protein that acts as
a suppressor of both basal (Komiyama et al. 2002) and
NMDAR-dependent increases in ERK1/2 phosphorylation
(Rumbaugh et al. 2006). GluN2B-containingNMDARs also appear
to be preferentially coupled to the tyrosine phosphatase
Figure 7. b-adrenergic receptor activation rescues theta-frequency
stimulation-induced LTP in GluN2ADC/DC mice. (A) A 30 sec train of
5 Hz induced robust LTP in wild-type slices (n ¼ 10 slices from five
mice) but had little effect on synaptic transmission in slices from
GluN2ADC/DC mutant mice (n ¼ 10 slices from five mice, P, 0.05 com-
pared to wild type). (B) Bath application of the b-adrenergic receptor
agonist ISO (1 mM) for 10 min before 5 Hz stimulation significantly
enhanced the induction of LTP in slices from GluN2ADC/DC mutant mice
(n ¼ 19 slices from 12 mice, P, 0.001) compared to potentiation
induced by 5 Hz stimulation alone (shown in panel A) but did not signifi-
cantly enhance the induction of LTP by 5 Hz stimulation in wild-type slices
(n ¼ 9 slices from five mice, P ¼ 0.397) compared to 5 Hz stimulation
alone (shown in panel A). The amount of potentiation induced following
5 Hz stimulation in the presence of ISO in slices from GluN2ADC/DC mice
was, however, still significantly less than that seen in wild-type slices (P,
0.05). (C) b-adrenergic receptor activation rescues the induction of LTP
by a long train of 5 Hz stimulation in GluN2ADC/DC mutant mice. The
potentiation induced by 900 pulses of 5 Hz stimulation delivered after a
10 min bath application of 1 mM ISO in slices from GluN2ADC/DC mice
(n ¼ 10 slices from seven mice) was not significantly different from that
seen in slices from wild-type mice (n ¼ 8 slices from four mice, P ¼
0.945). (D) Summary of the effects of 5 Hz stimulation in the presence
and absence of ISO on synaptic strength in wild-type (open bars) and
GluN2ADC/DC mice (filled bars).
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striatal-enriched phosphatase (STEP), another negative regulator
of ERK activation (Surojit and Connor 2010). Thus, truncation
of the C terminus of GluN2A subunits may alter the balance
of activators and inhibitors of the ERK pathway coupled to
NMDARs in a way that favors inhibition of ERK activation.
The induction of LTP by theta-frequency stimulation is also
strongly regulated by activation of protein phosphatases 1 and/
or 2A that normally act to inhibit the induction of LTP by these
patterns of synaptic stimulation (Thomas et al. 1996; Brown
et al. 2000). Thus we also investigated whether alterations in
NMDAR-dependent activation of these protein phosphatases
might contribute to the theta-frequency stimulation-induced
LTP deficits in GluN2ADC/DC mice. Although NMDA-induced de-
phosphorylation of AMPAR GluA1 subunit phosphorylation at
S845 and T840 was not altered, basal levels GluA1 phosphoryla-
tion at S845 were significantly reduced in hippocampal slices
from GluN2ADC/DC mice. Protein kinase A (PKA) mediated phos-
phorylation of GluA1 at S845 is thought to trigger the insertion
of AMPARs into extrasynaptic sites where they are primed for
insertion into synaptic sites following the induction of LTP
(Esteban et al. 2003; Oh et al. 2006). Thus, lower levels of GluA1
S845 phosphorylation could contribute to the LTP deficits in
GluN2ADC/DC by decreasing the pool of extrasynaptic AMPARs
available for incorporation into synapses during LTP induction.
Recent studies suggest that ERK also has a role in AMPAR traffick-
ing during LTP (Patterson et al. 2010) and thus alterations in
AMPAR trafficking due to reduced ERK activity in GluN2ADC/DC
mice may also contribute to deficits in LTP in these mutants.
Notably, basal levels of GluA1 phosphorylation at T840 and
S831 were not altered in slices from GluN2ADC/DC mice. This sug-
gests that the lower levels of S845 phosphorylation are not due to
changes in the activity of protein phosphatases 1 and 2A, which
regulate GluA1 phosphorylation at all these sites. It thus seems
more likely that loss of the C terminus of GluN2A subunits leads
to alterations in NMDAR coupling to PKA signaling. One possibil-
ity is that truncation of the C terminus of GluN2A subunits com-
promises coupling of NMDARs to MAGUKs, such as PSD-95, that
normally recruit PKA to NMDAR signaling complexes by interact-
ing with A kinase anchoring proteins (Colledge et al. 2000).
PSD-95 also couples GluN2A-containing NMDARs to nNOS
(Brenman et al. 1996; Christopherson et al. 1999; Al-Hallaq
et al. 2007) which, when activated, leads to the production of
cGMP and activation of cGMP-dependent protein kinases that
can also phosphorylate GluA1 subunits at S845 (Serulle et al.
2007). Thus, deletion of the C terminus of GluN2A subunits
may also lead to alterations in GluA1 S845 phosphorylation via
changes in NOS and cGMP signaling.
b-adrenergic receptor activation rescues the induction
of LTP in GluN2ADC/DC mice
Consistent with the notion that alterations in ERK signaling
and GluA1 S845 phosphorylation contribute to LTP deficits in
GluN2ADC/DC mutants, activation of b-adrenergic receptors,
which both activates ERK and increases GluA1 phosphorylation
at S845 (Fig. 5), rescued the induction of theta-frequency stimula-
tion-induced LTP in GluN2ADC/DC mice (Fig. 6). Importantly,
b-adrenergic receptor stimulation and activation of PKA can
enhance LTP induction via a number of different mechanisms
in addition to ERK activation and AMPAR phosphorylation
(O’Dell et al. 2010). For example, b-adrenergic receptor-activation
mediated inhibition of small conductance, Ca2+-activated potas-
sium channels as well as A-type potassium channels have been
implicated in the LTP enhancing effects of b-adrenergic receptor
activation (Yuan et al. 2002; Faber et al. 2008; for review, see
O’Dell et al. 2010). Moreover, b-adrenergic receptor activation
can inhibit the activity of protein phosphatases that oppose LTP
induction (Thomas et al. 1996; Brown et al. 2000) as well as
enhance the translation of proteins needed for the long-term
maintenance of LTP (Gelinas et al. 2007). The ability of b-adrener-
gic receptor activation to rescue theta-frequency stimulation-
induced LTP in GluN2ADC/DC mutants may thus also reflect
compensation for deficits in NMDAR modulation of these pro-
cesses caused by loss of the C terminus of GluN2A subunits. Our
results suggest, however, that protein phosphatase signaling
downstream from NMDARs is not altered in GluN2ADC/DC mice.
Because the deficits in theta-frequency stimulation-induced LTP
in GluN2ADC/DC mutants are evident at very early time points
post-LTP induction (5–10 min) our results also suggest that alter-
ations in protein synthesis are unlikely to be involved. They do
not, however, rule out the possibility that deficits in basal transla-
tion rates, perhaps due to alterations in basal ERK activity, might
contribute to LTP deficits in GluN2ADC/DC mutants. Our results
also do not rule out the possibility that deletion of the C terminus
of GluN2A subunits leads to alterations in NMDARmodulation of
dendritic potassium channels. Indeed, ERK activation inhibits
A-type potassium channels in hippocampal dendrites (Yuan
et al. 2002) and thus the lower basal levels of ERK activation in
GluN2ADC/DC mice may lead to changes in dendritic excitability
that contribute to the LTP deficits in these mutants. Although
we did not observe any obvious alterations in postsynaptic com-
plex spike bursting during theta frequency stimulation (Thomas
et al. 1998) in GluN2ADC/DC mice (data not shown), future experi-
ments that examine this possibility in more detail could provide
important insights into the mechanisms underlying LTP deficits
produced by truncation of the C terminus of GluN2A subunits.
Comparison of results between gene targeting
and overexpression approaches
Our LTP findings are in general agreementwith previous studies of
GluN2ADC/DC mutants generated by gene targeting of the endog-
enous exon encoding the GluN2A C terminus (Sprengel et al.
1998; Ko¨hr et al. 2003). In contrast to these studies that found a
reduction in LTP with one stimulation protocol we have exam-
ined a wide range of frequencies in identical experimental condi-
tions, which uncovered frequency-specific effects. A completely
different experimental approach was reported in a recent study
using RNA interference approaches in hippocampal organotypic
slice cultures fromwild-type rats came to just the opposite conclu-
sion—that the C terminus of GluN2A subunits recruits negative
regulators of LTP induction to NMDA receptor signaling com-
plexes (Foster et al. 2010). Their conclusion derived from experi-
ments that combined a knockdown of GluN2B with the
overexpression of a cDNA encoding a truncated GluN2A in the
presence of expression of the endogenous full-length GluN2A
(full-length and truncated GluN2A are coexpressed). In part, the
conclusions of Foster et al. (2010) were based on the finding
that deficits in pairing-induced LTP caused by knockdown of
GluN2B subunits could be overcome by overexpression of
GluN2A subunits lacking the C terminus but not by overexpres-
sion of full-length GluN2A subunits. There are a number of
methodological differences that may contribute to this discrep-
ancy, but there are three that we believe are potentially interest-
ing. First, GluN2B-containing NMDARs are not altered in
GluN2ADC/DC mutants (Ko¨hr et al. 2003) while the experiments
of Foster et al. (2010) examined the role of the C terminus of
GluN2A subunits in LTP in the context of GluN2B knockdown.
The different effects of C-terminal truncation of GluN2A subunits
on LTP induction thus appears to depend on the presence of
GluN2B subunits. This suggests that interactions between signal-
ing molecules recruited to NMDAR signaling complexes through
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the C termini of both GluN2A and GluN2B subunits may have an
important role in regulating LTP induction. Second, pairing pro-
tocols induce an ERK-independent form of LTP in the mouse hip-
pocampus (Opazo et al. 2003) while the induction of LTP by
theta-frequency stimulation is highly ERK-dependent. Thus,
another possibility is that theC terminus ofGluN2A subunits cou-
ples NMDARs to both LTP enhancing and suppressing signaling
pathways that have distinct roles in the induction of LTP by differ-
ent patterns of synaptic activation. Finally, in our experiments we
examined the role of the C terminus of GluN2A subunits in LTP
induction in the hippocampus of adult mice while organotypic
slices prepared from the hippocampus of 7-d-old rats were used
in the experiments of Foster et al. (2010). Thus, there may be
important changes in the molecular composition of NMDAR sig-
naling complexes that occur during development that are
dependent on the C terminus of NMDAR GluN2A subunits.
Although additional experiments will be needed to address these
possibilities, our results along with the findings of previous stud-
ies (Sprengel et al. 1998; Ko¨hr et al. 2003; Foster et al. 2010) sug-
gest that a better understanding of the role of the C terminus of
GluN2A subunits in organizing NMDAR signaling complexes is
likely to reveal important new insights into the mechanisms
underlying the induction of NMDAR-dependent forms of LTP.
Future strategies for rescue of mutations affecting
NMDA receptor complexes
Human mutations in proteins within the signaling complexes of
NMDA receptor complexes (Husi et al. 2000; Collins et al. 2006;
Fernandez et al. 2009) are known to be involved inmanybraindis-
eases (Grant et al. 2005). For example, recently it was reported that
mutations in GluN2A and GluN2B result in epilepsy and mental
retardation (Endele et al. 2010). In the current study of GluN2A
mutations, we have found that the LTP deficits can be signifi-
cantly reduced using b-adrenergic stimulation based on the in-
sight that phosphorylation of signaling proteins downstream
from b-adrenergic receptors are shared with those impacted by
the glutamate receptor mutation. This demonstrates that muta-
tion phenotypes affecting plasticity mechanisms are amenable
to pharmacologicalmanipulation and suggests an interesting ave-
nue for further research that may lead to development of new
therapies for brain diseases.
Materials and Methods
Slice preparation and extracellular recording
Hippocampal slices (400 mm thick) from adult (three to eight
months of age) wild-type and GluN2ADC/DC mice (Sprengel et al.
1998) were prepared using standard techniques approved by the
UCLA Institutional Animal Care and Use Committee. Slices
were allowed to recover for a least 1 h in an interface-slice type
recording chamber (at 308C) perfused with oxygenated (95%
O2/5% CO2) artificial cerebrospinal fluid (ACSF) containing
124 mM NaCl, 4.4 mM KCl, 25 mM NaHCO3, 1 mM NaH2PO4,
2 mM CaCl2, 1.2 mMMgSO4, and 10 mM glucose. For extracellu-
lar recordings a bipolar, nichrome wire stimulating electrode
placed in stratum radiatum of the CA1 region was used to activate
Schaffer collateral/commissural fiber synapses (basal stimulation
rate ¼ 0.02 Hz) and the evoked field excitatory postsynaptic
potentials (fEPSPs) were recorded using a glass microelectrode
filled with ACSF (resistance ¼ 5–10 MV). At the start of each
experiment we first identified the maximal fEPSP amplitude that
could be elicited in each slice and then adjusted the intensity of
presynaptic fiber stimulation to evoke fEPSPs with amplitude
approximately 50% of the maximal amplitude. LTP was elicited
using either conventional HFS protocols (multiple trains of
100 Hz stimulation, each 1 sec in duration, with inter-train inter-
vals of 10 sec or 5 min) or different numbers of single pulses of
presynaptic fiber stimulation delivered at 5–20 Hz. For each pro-
tocol the average fEPSP slope measured over the last 5 min of
the experiment was used for statistical comparisons (two-tailed
Student t-tests). In cases where the same stimulation protocol
was delivered to multiple slices from the same animal the results
were averaged and the N used for statistical tests corresponds to
the number of animals in each group. All results are reported as
mean+SEM.
Whole-cell recordings
Low resistance (2–6 MV) patch electrodes filled with a solution
containing 102 mM cesium gluconate, 17.5 mM CsCl, 10 mM
TEA-Cl, 5 mM QX314, 4.0 mM Mg-ATP, 0.3 mM Tris-GTP, and
20 mM HEPES (pH ¼ 7.2) were used to record excitatory postsyn-
aptic currents (EPSCs). In these experiments slices with CA3
region removed were maintained in a submerged-slice recording
chamber and bathed in a modified ACSF containing picrotoxin
(100 mM), elevated concentrations of CaCl2 and MgSO4 (4 mM
each) and a lower concentration of KCl (2.4 mM). To examine
the AMPAR and NMDAR-mediated components of the evoked
EPSCs we measured the amplitude of EPSCs recorded at post-
synaptic membrane potentials (Vhold) of 280 or +40 mV. The
AMPAR-mediated component of the EPSC was measured at the
time after EPSC onset corresponding to the peak amplitude of
the EPSC at 280 mV while the amplitude of the EPSC 50 msec
after onset was used to estimate the NMDAR-mediated compo-
nent. The decay time constant of NMDAR-mediated EPSCs was
obtained from double exponential fits to the decay of synaptic
currents measured at +40 mV and calculated as a weight mean
decay time constant (Rumbaugh and Vicini 1999). The intensity
of presynaptic fiber stimulation was adjusted to elicit EPSCs
with a peak amplitude of 200–300 pA at Vhold ¼ 280 mV.
Miniature EPSCs (mEPSCs) were recorded at 280 mV in cells
from slices bathed in a modified ACSF containing 1.0 mM tetro-
dotoxin and 100 mM picrotoxin. A template-based event detec-
tion routine in pClamp 10 (Molecular Devices) was used to
analyzemEPSCs.Detected events smaller than 6 pAwere excluded
from the analysis. Statistical comparisons of evoked EPSCs were
performed using two-tailed Student t-tests and Kolmogorov-
Smirnov tests were used for comparisons of mEPSC amplitude
and inter-event interval distributions. The results from multiple
cells from the same animal were averaged and the N used for stat-
istical tests equals the number of animals in each group.
Western immunoblotting
Hippocampal slices from wild-type and GluN2ADC/DC mice were
maintained in interface chambers perfused at 2 mL/min with
warm (308C), oxygenated ACSF and allowed to recover for 2–
2.5 h. Slices were either left untreated or exposed to bath applied
receptor agonists and then collected by rapidly transferring them
into pre-frozen microcentrifuge tubes (Kontes Glass Company)
kept on crushed dry ice. Treated slices were collected for analysis
after a 10 min application of ISO (1 mM) or a 3 min application
of NMDA (20 mM). Stock solutions of ISO (1 mM inH2O)were pre-
pared before each experiment and diluted to 1 mM in ACSF prior
to application. In all experiments three slices were pooled for
each treatment condition.
The techniques used for Western blot analysis are described
in detail elsewhere (Delgado et al. 2007). Briefly, slices were ho-
mogenized in an ice-cold homogenization buffer that contained
both protease inhibitors (Protease Inhibitors Complete, Roche
Molecular Biochemicals) and a mixture of different protein phos-
phatase inhibitors (Phosphatase Inhibitor Cocktails I and II,
Sigma-Aldrich). 20 mg of total protein from each sample was
resolved on 12% SDS-PAGE gels and then transferred onto nitro-
cellulose membranes. Primary antibody incubations were done
overnight (at 48C) and, after three washes in Tris-buffered saline
containing 0.05% Tween-20, blots were incubated for two or
more hours at room temperature in HRP-conjugated secondary
antibodies. Images of immunoreactive bands visualized using
enhanced chemiluminesence were acquired using a cooled CCD
Theta-frequency LTP deficits in GluN2A mutant mice
www.learnmem.org 125 Learning & Memory
camera-based image acquisition and analysis system (Quantity
One, Bio-Rad). All blots were re-probed with an anti-tubulin anti-
body and the optical density values for each band of interest was
normalized to the density values obtained for tubulin in the same
lane to control for potential variations in loading.Mann-Whitney
tests and two-tailed Student t-tests were used to determine statis-
tical significance.
Antibodies to dually phosphorylated ERK1/2 and total
ERK1/2 were obtained from Cell Signaling Technology. Antibod-
ies toGluA1 andphospho-T840GluA1were obtained fromAbcam
and antibodies for phospho-S845 GluA1 and the bIII isoform of
tubulin were obtained from Upstate Biotechnology (Millipore).
Anti-phospho-S831 antibodies were obtained from Invitrogen.
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